Objectives: Cochlear implant listeners are able to at least partially adapt to the spectral mismatch associated with the implant device and speech processor via daily exposure and/or explicit training. The overall goal of this study was to investigate interactions between short-term unsupervised learning (i.e., passive adaptation) and the degree of spectral mismatch in normal-hearing listeners' adaptation to spectrally shifted vowels.
INTRODUCTION
Most contemporary cochlear implants (CIs) use spectrally based speech processing to restore the tonotopic representation of acoustic information in the auditory system. Typically, an input acoustic signal is divided into a number of frequency analysis bands, and the temporal envelopes extracted from each band are used to modulate pulse trains of current delivered to appropriate electrodes implanted within the cochlea. To restore the normal tonotopic representation, temporal envelopes extracted from low-frequency bands are delivered to apical electrodes, and envelopes extracted from high-frequency bands are delivered to basal electrodes. The acoustic frequency-toelectrode place mapping is critical to the correct transmission of spectral cues. However, the physical relationship of the implanted electrodes to the surviving auditory neurons typically results in some degree of spectral distortion of the acoustic input signal. Longitudinal studies suggest that many CI users are able to at least partially adapt to these new speech patterns, even without explicit training (e.g., Loeb & Kessler 1995; Spivak & Waltzman 1990 ). However, some CI users are unable to adequately adapt, even after years of experience with their device. It is unclear how the degree of spectral distortion may interact with adaptation, especially in an unsupervised learning context. Spectral distortion may be caused by a spectral shift between the input acoustic frequency and the place of stimulation in the cochlea. Spectral distortion may also be caused by spectral compression of the input acoustic signal onto the limited spatial extent of the electrode array in the cochlea. Typically, the acoustic input is both spectrally shifted and spectrally compressed for CI users; for shallow electrode insertion depths, the acoustic input signal may be severely shifted and compressed. Spectral distortion may also be caused by spectral warping because of "holes" or "dead regions" in the surviving auditory neurons and the proximity of the implanted electrodes to healthy neural populations (Moore 2001; Shannon et al. 2002a) .
There is considerable variability in electrode locations among CI patients. According to in vivo computed tomography studies (Ketten et al. 1998; Skinner et al. 2002) , electrode insertion depths among 26 CI patients ranged from 11.9 to 25.9 mm. In terms of Greenwood's equation (1990) , these insertion depths correspond to the characteristic frequencies (CFs) of 3674 to 308 Hz for the most apical electrode. However, a recent study by Dorman et al. (2007) comparing pitch between acoustic and electric hearing in the same CI patient found the CF of the most apical electrode (insertion depth of 12 mm) to be approximately 1000 Hz, suggesting that Greenwood's equation may overestimate the CFs of the implanted electrodes. Whereas Greenwood's formula may or may not accurately predict the CFs of implanted electrodes, anecdotal reports suggest that some CI users find that their speech sounds "high-pitched" or "squeaky" immediately after initial fitting. This suggests that speech is shifted basally relative to normal hearing, although stimulation rate may also contribute to these initial voice quality percepts. Voices typically begin to sound more natural as CI users gain experience with their implant and speech processor. Thus, whereas many CI users experience some degree of spectral shift, many are able to at least partially adapt without explicit training. For CI users with a shallow insertion depth, the spectral shift and compression may be too severe to allow full adaptation.
Recognition of spectrally distorted speech has been extensively researched in acute studies with CI users (e.g., Baskent & Shannon 2003 Fu & Shannon 1999 ) and normalhearing (NH) subjects listening to acoustic CI simulations (e.g., Dorman et al. 1997b; Shannon et al. 1998) . In general, the best performance has been observed with spectrally matched speech. However, there is some tolerance for spectral mismatch, even when acutely measured. NH subjects listening to acoustic CI simulations can tolerate approximately 3 mm of spectral shift with little deficit to speech performance (Fu & Shannon 1999 ). Baskent and Shannon (2007) found that certain combinations of spectral shifting and spectral compression/ expansion produced better speech recognition than spectral shifting alone, most likely because local frequency-place mismatches were reduced for important speech cues. However, speech understanding declines rapidly as the spectral mismatch increases beyond approximately 3 mm (Fu & Shannon 1999) .
Perceptual adaptation studies have shown that listeners may tolerate even greater amounts of spectral mismatch or spectral warping, given daily exposure or explicit training Fu et al. 2002 Fu et al. , 2005 Stacey & Summerfield 2007; Svirsky et al. 2004; Rosen et al. 1999 ). However, the degree of shift may influence the amount and time course of adaptation. Rosen et al. (1999) showed that sentence recognition with upwardly shifted speech (6.5 mm in basilar membrane distance) improved from 1 to 30% correct after only a few hours of connected discourse training. Dorman and Ketten (2003) found that after 1 wk of daily exposure, one CI user fully adapted to a 3.2 mm basal shift and partially adapted to a 6.8 mm basal shift. Although these previous studies demonstrate adaptation to various amounts of spectral mismatch, there has not been a systematic study of the interaction between perceptual adaptation and degree of spectral shift, especially in an unsupervised learning context. Potter and Steinberg (1950) asserted that a fixed spatial pattern could be identified equally well when presented to different regions of the cochlea. However, CI speech processors both spectrally shift and compress the acoustic input onto the place of stimulation in the cochlea. For CI users, does difficulty in adaptation arise from the absolute frequency-place mismatch or from distortion to the spectral envelope? If the difficulty arises from distortion to the spectral envelope, then the spectral envelope may be linearly shifted along the cochlea without affecting speech understanding, especially after some amount of perceptual experience. More likely, there may be an optimal tradeoff between distortion to the spectral envelope and the degree of spectral shift that produces the best performance. Smith and Faulkner (2006) found that NH listeners' adaptation to a simulated "hole" in the spectrum (i.e., spectral warping) was similar to adaptation to spectral shift. This suggests that adaptation to spectral envelope distortion may be evaluated in terms of local frequency mismatches. Most previous perceptual adaptation studies have incorporated two shift conditions (at most) and explicit training, making it difficult to observe the complex interactions between perceptual adaptation, spectral shifting and spectral envelope distortion. The present study examined these questions by delivering a fixed spectral envelope to three locations along the cochlea to observe interactions between perceptual adaptation and spectral shifting.
Explicit training can improve adaptation to a spectral shift, assuming that sounds can be discriminated. It is unclear whether the neural system adapts to spectrally shifted speech according to speech patterns held in long-term memory (formed during normal hearing or hearing-impaired experience) or whether the neural system forms new patterns via explicit training. Li and Fu (2007) suggested that explicit training is required for adaptation to severely shifted speech, because nonlexical label training did not generalize to recognition of severely shifted vowels, at least within a 5 day study period. Rather than an explicit training protocol, a "test-only" protocol was used in the present study, in which subjects were repeatedly tested over a 5 day study period. The test-only protocol was used to ensure that perceptual adaptation was modulated by speech patterns in long-term memory. Although explicit training may accelerate the learning process, a testonly protocol may provide greater insight into speech patterns held in the central nervous system and their role in perceptual adaptation.
Gradual exposure to a severe spectral shift may improve listeners' overall adaptation, as well as reduce the stress of learning new speech patterns. Fu et al. (2002) found partial adaptation in CI users after 3 mo of continuous exposure to a one octave shift; no explicit training was provided. When the same shift was gradually introduced over an 18 mo period, Fu and Galvin (2007) found better adaptation. Similarly, Svirsky et al. (2003) found that gradual exposure accelerated NH listeners' adaptation to a 6.5 mm basal shift. It is possible that by successively introducing spectral shifts within the passive adaptation range, listeners may bridge large spectral mismatches without explicit training or feedback. In experiment 2, a mixed exposure protocol was used to determine whether mixed exposure to moderately and severely shifted speech would improve recognition of severely shifted speech.
Because spectral cues have been shown to be the most critical for vowel recognition (Shannon 2002b; Turner et al. 1995; van Schijndel et al. 2001) , the present study investigated the effects of spectral shifting on listeners' vowel recognition performance. In experiment 1, vowel recognition was compared for different degrees of spectral shift, using 8-channel, sine-wave vocoded speech. The spectral envelope was spectrally compressed (to simulate a fixed electrode array extent) and then delivered to different cochlear locations (to simulate different electrode insertion depths), resulting in a slight, moderate or severe basal shift. In experiment 2, the spectral envelope was spectrally compressed and severely shifted. Adaptation to the severe shift was measured with and without exposure to 8-channel moderately shifted speech. To examine listeners' sensitivity to spectral envelope resolution, adaptation to the severe shift was measured with 8 or 16 channels.
EXPERIMENT 1: EFFECT OF SPECTRAL SHIFTING ON PERCEPTUAL ADAPTATION

Methods
Subjects • Eight NH subjects participated in the study (aged 18 -35 years old; four men and four women); all subjects were native speakers of American English. All subjects had puretone thresholds better than 20 dB HL at octave frequencies from 125 to 8000 Hz. Subjects had no previous experience with acoustic CI simulations before the study. All subjects were paid for their participation. Note that data for the 8.3 mm severe shift condition are from Fu et al. (2005) ; four NH subjects participated in that study.
Speech materials • Speech stimuli were 12 medial vowels presented in a /h-V-d/ context (i.e., "had," "hod," "hawed," "head," "heard," "hid," "heed," "hood," "hud," "who'd," "hayed," "hoed"). Vowel tokens were digitized natural productions from five male and five female talkers randomly drawn from the speech samples recorded by Hillenbrand et al. (1995) . Across all 120 tokens (12 vowels ϫ 10 talkers), the mean fundamental frequency (F0) was 178 Hz (Ϯ55 Hz), the mean first formant frequency (F1) was 570 Hz (Ϯ143 Hz), and the mean second formant frequency (F2) was 1625 Hz (Ϯ528 Hz).
Signal processing and spectral shift conditions • An 8-channel sine-wave vocoder was used to simulate CI speech processing, which was implemented as follows. The input speech signal was filtered into eight frequency analysis bands (4th-order Butterworth filters). The temporal envelope was extracted from each analysis band by half-wave rectification and low-pass filtering (4th-order Butterworth filter with corner frequency at 160 Hz). The temporal envelope from each channel was used to modulate a corresponding sine wave carrier; the sine wave carrier frequencies were varied according to the experimental condition. The modulated sine waves were summed and the output was adjusted to have the same long-term root-mean-square energy as the input speech signal (65 dB). Sine wave vocoders, rather than noise-band vocoders, were used to restrict the place of stimulation for each channel within the cochlea, because noise carrier bands would excite a broader region for each channel. Note that Dorman et al. (1997a) found no difference in performance between sine wave and noise-band vocoders for speech recognition in quiet.
Three conditions of upward shift between the frequency analysis bands and sine wave carriers were compared. Relative to the center frequency of the most apical analysis band, the most apical carrier was shifted by 3.6 mm (slight shift), 6 mm (moderate shift), or 8.3 mm (severe shift). Thus, the degree of spectral shift was linearly increased in terms of cochlear distance. Table 1 shows the distribution of the analysis and carrier bands for three shift conditions. The overall input frequency range was fixed for the three shift conditions (200 -7000 Hz). The spatial distribution of center frequencies was calculated according to Greenwood's (1990) formula, assuming a 35 mm long cochlea. Center frequencies of analysis bands were separated by 2.7 mm. The output carrier bands were upwardly shifted to simulate different insertion depths of a 16 mm long, 8-electrode array, with 2 mm electrode spacing. For the 3.6 mm shift, the overall output frequency range was 455 to 5332 Hz; the degree of spectral mismatch (in terms of cochlear distance) gradually decreased from 3.6 mm for the most apical channel to Ϫ1.6 mm for the most basal channel. For the 6 mm shift, the overall output frequency range was 683 to 7416 Hz; the degree of spectral mismatch gradually decreased from 6 mm for the most apical channel to 0.8 mm for the most basal channel. For the 8.3 mm shift, the overall output frequency range was 999 to 10290 Hz; the degree of spectral mismatch gradually decreased from 8.3 mm for the most apical channel to 3.1 mm for the most basal channel. Figure 1 illustrates the three spectral shift conditions. Note that while the spectral envelope from the analysis frequency range was compressed onto the carrier frequency ranges, the compression was uniform across the three shift conditions. Thus, the spatial patterns within the cochlea were similar across conditions but delivered to different cochlear regions. Also, within each shift condition there were different degrees of spectral mismatch for different frequency regions of the acoustic input because of spectral compression. Test and adaptation protocol • For all conditions, vowel recognition was measured using a 12-alternative forced choice paradigm. A stimulus was randomly selected (without replacement) from the stimulus set and presented to the subject. The subject responded by clicking on one of 12 response boxes, after which a new stimulus was presented. The response boxes were labeled with an /h-vowel-d/ word (i.e., "had," "hod," "head," etc). No training or feedback was provided.
Subjects were randomly assigned to two different groups (four subjects in each group). The first group received 5 days of repeated testing with vowels shifted by 3.6 mm, and the second group received 5 days of repeated testing with vowels shifted by 6 mm. The data for the 8.3 mm shift condition were previously reported in Fu et al. (2005) and were collected in an identical manner to the present study. On day 1, baseline vowel recognition performance was measured with unprocessed speech, as well as with 8-channel, spectrally matched, sine wave vocoded speech (0 mm shift, i.e., the center frequencies of the analysis and carrier bands were matched). Baseline performance measures were also used to familiarize subjects with the test procedure and the vocoder processing. On day 5, baseline performance was remeasured with unprocessed speech and with 8-channel, spectrally matched speech. These follow-up measures were conducted to observe any incidental learning of the vowel stimuli or vocoder processing while adapting to 8-channel, spectrally shifted speech. This was deemed important because Davis et al. (2005) observed rapid adaptation to 6-channel, spectrally matched sentences. The adaptation protocol consisted of 5 consecutive days of repeated testing with spectrally shifted speech. Three to four test blocks were administered during each session, on each of days 1 to 5; each session lasted approximately 45 min.
In each of the test blocks, subjects were tested using the entire stimulus set (120 tokens: 12 vowels ϫ 10 talkers). Again, no preview, feedback, or other explicit training was provided. Results • Figure 2 shows recognition performance for 8-channel, spectrally matched speech and for the three spectral shift conditions, as a function of test session. Table 2 shows the results of one-way, repeated-measures (RM) analysis of variance (ANOVAs) within each processing condition (with test session as factor); significant differences are shown in bold type. Mean baseline vowel recognition was 91% correct with unprocessed speech. Mean performance with 8-channel, sine wave vocoded, spectrally matched speech was 78% correct on day 1 and 82% correct on day 5. For the 3.6 mm shift, mean performance was 66% correct on day 1 (approximately 12 percentage points lower than baseline measures with 8-channel, spectrally matched speech), and 81% correct on day 5. For the 6 mm shift, mean performance was 41% correct on day 1 (approximately 36 percentage points lower than baseline measures) and 68% correct on day 5. For the 8.3 mm shift, mean performance was only 8% correct on day 1 (near chance level of 8.33 percent correct) and 11% correct on day 5. As shown in Table 2 , vowel recognition performance significantly improved over the 5 day study period for the 3.6 and 6 mm shifts; the small 4 point improvement for spectrally matched speech was also found to be significant. Bonferroni t-tests confirmed the significant difference in postadaptation performance between the 3.6 and 6 mm shift conditions (p ϭ 0.005) and between the 6 and 8.3 mm shift conditions (p Ͻ 0.001). However, there was no significant difference in postadaptation performance between spectrally matched speech and the 3.6 mm shift condition (p ϭ 0.25). The percent of information transmitted for first and second formants (F1 and F2) was calculated using methods introduced by Miller and Nicely (1955) . Table 3 shows the F1 and F2 feature categories for the 12 vowels. Figure 3 shows the mean percent of F1 and F2 information transmitted on day 1 (black bars) and day 5 (white bars) for the different speech processing conditions. Table 2 shows the results of one-way RM ANOVAs within each shift condition (comparison between day 1 and day 5) for the percent of F1 and F2 information transmitted; significant differences are shown in bold type. For spectrally matched speech (panel A) the percent of F2 information transmitted improved over the 5 day study period. For the 3.6 mm (panel B) and 6 mm (panel C) shift conditions, the percent of F1 and F2 information transmitted improved over the 5 day study period. Although vowel recognition performance was poorer with the 6 mm shift than with the 3.6 mm shift, the relative improvement in percent of F2 information transmitted was greater for the 6 mm shift. For the 8.3 mm shift (panel D), there was little change in the percent of F1 or F2 information transmitted over the 5 day study period. As shown in Table 2 , there was a significant improvement in F1 information transmitted for the 3.6 and 6 mm shift conditions and in F2 information transmitted for the spectrally matched, 3.6 and 6 mm conditions.
EXPERIMENT 2: EFFECT OF SPECTRAL RESOLUTION ON PASSIVE ADAPTATION TO SEVERELY SHIFTED VOWELS MEASURED IN THE PRESENCE OR ABSENCE OF MIXED EXPOSURE TO MODERATELY SHIFTED VOWELS
The data from experiment 1 showed that severe spectral shift greatly limited the degree of adaptation. Specifically, there was no adaptation to the 8.3 mm shift. It is possible that increasing the spectral resolution may improve adaptation, because more acoustic information is usually helpful or required under noisy and difficult listening conditions. Also, gradual exposure to a severe shift may provide better adaptation, even in an unsupervised learning context. For CI users, gradual exposure may require some tradeoffs between spectral mismatch and the bandwidth of acoustic information mapped onto the electrodes. As users gradually accommodate the spectral mismatch, more acoustic information can be included. However, previous studies showed no signifi- Vowel recognition performance was compared between day 1 and day 5 for the 0 mm shift condition and across all 5 days for the three shift conditions. The percent of vowel feature information transmitted was compared between day 1 and day 5 for all conditions. Significant differences are shown in bold type. RM ANOVA, repeated-measures analysis of variance. cant benefit in post-training performance for gradual adaptation. Svirsky et al. (2003) showed that whereas gradual exposure accelerated adaptation to a 6.5 mm basalward shift, post-training performance was not significantly better than when the shift was abruptly introduced. Similarly, Faulkner at al. (2005) showed no significant benefit for gradual adaptation. In the present study, a mixed exposure protocol was used to provide some control over the experimental conditions, as well as to test potential implementation of such a protocol (e.g., loading different maps with different acoustic input ranges). For all experimental conditions, the place of stimulation in the cochlea was fixed to simulate a shallow electrode insertion depth. Rather than gradually introducing the severe shift or the 8-channel processing, subjects were alternately exposed to 8-channel moderately shifted speech, 8-channel severely shifted speech, and 16-channel severely shifted speech; the speech processing conditions were tested in random order during each session.
Methods
Subjects • Eight NH subjects (aged from 18 to 23 years old; 6 males and 2 females) participated in the study; all subjects were native speakers of American English. All subjects had pure-tone thresholds better than 20 dB HL at octave frequencies from 125 to 8000 Hz. None of these subjects participated in experiment 1, and none had any experience with acoustic CI simulations before the study. All subjects were paid for their participation.
Speech materials and signal processing • Speech materials
(vowels) and basic signal processing (i.e., sine wave vocoders) were the same as in experiment 1, except for the number of channels (8 or 16) and the analysis band/sine wave carrier parameters.
Spectral shift conditions • Two adaptation conditions were studied: (1) exposure to only 8-or 16-channel severely shifted speech (exclusive exposure) and (2) exposure to 8-channel severely shifted speech, 16-channel severely shifted speech, and 8-channel moderately shifted speech (mixed exposure). Table 4 shows the corner and center frequencies for each experimental condition. For all spectral shift conditions, the overall output frequency range was fixed (999 -10290 Hz) to simulate a shallow insertion depth. The spatial distribution was calculated according to Greenwood's (1990) formula, assuming a 35 mm long cochlea. The input frequency range was manipulated to create the different spectral shift conditions. For severely shifted speech, the overall input frequency range was 200 to 7000 Hz; the acoustic input was spectrally compressed onto the output frequency range. As shown in Table 4 , there was a slight difference in the spectral shift of the most apical channel between the 8-channel (8.3 mm) and 16-channel (8.5 mm) processing. The frequency analysis range for the most apical channel for the 8-channel processor was 200 to 359 Hz. This range was divided between the two most apical channels for the 16-channel processor. To maintain a similar degree of spectral shift for the 8-and 16-channel processors, the most apical channel for the 16-channel processor was shifted by 8.5 mm and the second-most apical channel was shifted by 8.1 mm, resulting in an average shift of 8.3 mm. For moderately shifted speech, the overall input frequency range was 455 to 12,275 Hz; the input frequency range was high-pass filtered and spectrally compressed to reduce the spectral mismatch between the most apical analysis and carrier bands; thus, there was some loss of low-frequency information. The most apical channel was shifted by 4.3 mm. Note that the "moderate" condition in experiment 2 was different from that in experiment 1 (i.e., different overall acoustic input frequency range and less spectral mismatch for the most apical channel). This manipulation represents a potentially viable option for gradually introducing a severe spectral shift to CI users with a shallow electrode insertion depth. Figure 4 illustrates the three experimental conditions.
Test and adaptation protocol • Adaptation to spectrally shifted vowels was measured as in experiment 1, that is, repeated testing (without explicit training or feedback) over the 5 day study period. Subjects were randomly assigned into one of two groups (four subjects in each group). In the first group (exclusive exposure), subjects listened exclusively to 16-channel severely shifted speech. For comparison purposes, data from Fu et al. (2005) were used to show performance with exclusive exposure to 8-channel severely shifted speech. In the second group (mixed exposure), subjects listened to 8-and 16-channel severely shifted speech, as well as 8-channel moderately shifted speech. Table 5 shows the timeline for experiment 2. For both test groups, baseline performance was first measured with unprocessed speech as well as 8-and 16-channel spectrally matched speech (0 mm shift); baseline performance was remeasured after the 5 day adaptation period.
In the exclusive exposure protocol, subjects were repeatedly tested over five consecutive days, exclusively listening to 16-channel severely shifted speech (or 8-channel severely shifted speech in Fu et al. 2005) . Three to four test blocks were administered during each session, on each of days 1-5; each session lasted approximately 45 min. In each of the test blocks, subjects were tested using the entire stimulus set (120 tokens: 12 vowels ϫ 10 talkers). In the mixed exposure protocol, subjects were repeatedly tested for 5 days while alternately listening to 8-and 16-channel severely shifted speech and 8-channel moderately shifted speech. Within each session, subjects completed 3 to 4 test blocks for each of the speech processing conditions. During each test block, subjects were tested using the entire stimulus set (120 tokens: 12 vowels ϫ 10 talkers). Each session lasted approximately 2.5 hr. The test order of experimental conditions was randomized across sessions and subjects.
Results
• Figure 5 shows mean performance for the different spectral shift conditions and adaptation protocols. Table 6 shows the results of one-way RM ANOVAs within each adaptation protocol and speech processing condition (with test session as factor). Significant differences are shown in bold type. There was no improvement in recognition of 8-or 16-channel severely shifted speech with the exclusive exposure protocol. Mean performance with 16 channels was 11% correct on day 1 and day 5 (nearly chance level of 8.33 percent correct). Mean performance with 8 channels was 8% correct on day 1 and 11% correct on day 5. With the mixed exposure protocol, mean performance improved from day 1 to day 5 for all three speech processing conditions. Mean performance with 8-channel moderately shifted speech improved from 54 to 67% correct. Mean performance with 8-channel severely shifted speech improved from 13 to 21% correct. Mean performance with 16-channel severely shifted speech improved from 17 to 34% correct. As shown in Table 6 , vowel recognition performance significantly improved for all processing conditions with the mixed exposure protocol, but not with the exclusive exposure protocol. A two-way ANOVA showed a significant effect for adaptation protocol for both 8-channel ͓F(1,30) ϭ 13.768; p Ͻ 0.001͔ and 16-channel speech ͓F(1,30) ϭ 68.996; p Ͻ 0.001͔. Figure 6 shows the mean percent correct of F1 and F2 information transmitted on day 1 (black bars) and day 5 (white bars) for the various speech processing conditions; the top panels show results for the exclusive exposure group and the bottom panels show results for the mixed exposure group. Table 6 shows the results of one-way RM ANOVAs comparing the percent of F1 and F2 information transmitted between day 1 and day 5, for the various speech processing conditions; significant differences are shown in bold type. For the exclusive exposure protocol, there was little difference in F1 and F2 information transmitted from day 1 to day 5 for 8-channel (panel A) or 16-channel (panel B) severely shifted speech. For 8-channel moderately shifted speech (panel C) and 16-channel severely shifted speech (panel E), the percent of F1 and F2 information transmitted improved from day 1 to day 5. With 8-channel severely shifted speech (panel D), there was little change in the percent of F1 and F2 information transmitted. As shown in Table 6 , there was no significant change in the percent of F1 or F2 information transmitted for the exclusive exposure group. For the mixed exposure group, the percent of F2 information transmitted significantly improved for 8-channel moderately shifted speech and 16-channel severely shifted speech; there was no significant change in the percent of F1 or F2 information transmitted for 8-channel severely shifted speech.
DISCUSSION
In the present study, passive adaptation to spectrally shifted vowels was measured over a 5 day period using a test-only protocol. In general, acute performance and adaptation were significantly affected by the degree of spectral shift. The present study provides several new insights regarding listeners' adaptation to a spectral mismatch. First, whereas previous studies have shown adaptation with explicit training or daily exposure, significant learning was observed in the present study with unsupervised adaptation. Second, there seems to be a nonlinear effect for the degree of spectral shift on passive adaptation. Delivering the same spectral envelope to different cochlear locations had a strong effect on performance, even after short-term adaptation. Third, introduction of a severe shift in conjunction with a moderate shift provided better passive adaptation and greater sensitivity to spectral envelope details.
Whereas acute studies have shown that spectrally matched speech processors are optimal for CI users, perceptual learning studies have shown that both CI and NH listeners are able to adapt to spectrally shifted speech. Most of these previous learning studies have used some form of explicit training, Note that for the mixed exposure group, subjects were exposed to 3-4 blocks of each speech processing condition presented in random order during the test session.
feedback and stimulus preview and suggest that listeners may adapt by creating new central speech pattern templates via training. The present study used a test-only protocol, in which adaptation was measured without training, feedback, or stimulus preview; therefore, adaptation presumably occurred in relation to the central speech patterns developed during normal hearing.
In the present study, there was an interaction between unsupervised learning and the degree of spectral shift. With exclusive exposure to slight and moderate shifts, significant amounts of passive adaptation were observed. There was no passive adaptation with exclusive exposure to a severe shift. However, when the severe shift was introduced via the mixed exposure protocol, significant passive adaptation was observed. The mixed exposure protocol involved alternating exposure to the moderate and severe shifts, as well as to 8-and 16-channel processing. In a true gradual exposure protocol, listeners would be incrementally exposed to increasing amounts of spectral shift (e.g., Fu and Galvin, 2007) . With the mixed exposure protocol, the degree of passive adaptation of a severe shift (from chance level to 34% correct) was similar to that reported in previous studies with explicit training. However, the materials and methods used for testing and training may have influenced training outcomes. Rosen et al. (1999) showed that sentence recognition with a 6.5 mm basalward shift improved from 1 to 30% correct with connected discourse training. Vowel recognition improved by approximately 20 percentage points, slightly less than the improvement observed with the 6 mm shift in experiment 1 of the present study (in which subjects received no explicit training). Fu et al. (2005) reported that with phonetic contrast training, recognition of severely shifted (8.3 mm basal shift) vowels improved from chance level to 29% correct; with sentence training (modified connected discourse), severely shifted vowel recognition improved from chance level to 16% correct. Stacey and Summerfield (2008) also explored the effects of training methods and materials for understanding of spectrally shifted speech (8channel, 6 mm shift, similar to experiment 1 in the present study). In contrast to Fu et al. (2005) , they found better improvements in word, sentence, and vowel recognition when training with words and sentences; phonetic contrast discrimination training provided the least benefit. The phonetic contrast methodology and materials were quite different between the two studies: discrimination along a continuum between two synthesized phonemes (e.g., "a" versus "uh") in Stacey and Summerfield (2008) versus identification of targeted medial contrasts using words (e.g., "bad" versus "bud") in Fu et al. (2005) . The improved vowel recognition for the 6 mm shift in experiment 1 (without any explicit training) was greater than that observed for any of the explicit training methods or tests used in Stacey and Summerfield (2008) . Nevertheless, explicit training may be required to improve performance beyond that which can be passively learned. Li and Fu (2007) found that whereas nonlexical label training improved discrimination of severely shifted vowels, the training did not generalize to identification of severely shifted vowels. It remains unclear whether the improved vowel recognition observed in the present study would provide better sentence or word recognition. The present data points to the difficulty in disentangling the benefits of explicit training from those of passive learning. Depending on the degree of spectral shift and how the shift is introduced, significant amounts of passive adaptation are possible, and the improvements in performance may be comparable to those observed with explicit training, under certain conditions.
In the present study, passive adaptation was measured over a 5 day study period. It is possible that severely shifted speech requires a longer adaptation period. However, asymptotic performance was achieved for most test conditions within 5 days. In addition, Fu et al. (2002) found that, in a 3 mo study with CI subjects who continuously wore severely shifted speech processors, most of the major improvements in performance occurred within the first week of adaptation, suggesting that the initial adaptation process may occur fairly rapidly. The longer term, more slowly evolving adaptation that follows may require more complex neural plasticity and cognitive activity. Adaptation in CI simulation studies may be different from real CI users' adaptation. An otherwise healthy auditory system adapting to spectrally shifted speech may be able to access speech cues that are less available to the impaired/implanted auditory system.
Although previous studies have examined adaptation to spectral shift using one or two shift conditions (e.g., Dorman & Ketten 2003; Fu et al. 2002; Rosen et al. 1999; Svirsky et al. 2004) , the present study examined interactions between spectral shifting and adaptation for several shift conditions. The data from experiment 1 showed that the decline in speech performance was less severe for the 3.6 mm and 6 mm shifts than for the 8.3 mm shift. For the 3.6 and 6 mm shifts, mean performance improved after 5 days of repeated testing by 15 and 27 percentage points, respectively; performance with the 8.3 mm shift did not significantly improve and remained near chance level. With exclusive exposure, performance remained good for spectral shifts ranging from 0 to 6 mm, beyond which performance decreased precipitously. In experiment 2, mixed Vowel recognition performance was compared across all five days for all shift conditions. The percent of vowel feature information transmitted was compared between day 1 and day 5 for all shift conditions. Significant differences are shown in bold type.
exposure to the moderate 4.3 mm shift softened the sharp decline in performance with the 8.3 mm severe shift. The data from experiment 1 further suggest that the degree of spectral shift dominates passive adaptation to spectrally shifted speech. The same spectral envelope was delivered to three cochlear locations, and postadaptation performance decreased nonlinearly as the degree of spectral shift was linearly increased. It is interesting to consider what was learned, in terms of formant frequency cues. Figure 3 shows that for spectrally matched speech and for the 6 mm shift, there was a greater improvement in the percent of F2 information transmitted than for F1 information transmitted. Similarly, for the 8-channel moderate shift in experiment 2 (panel C of Fig. 6 ), there was a greater improvement in the percent of F2 information transmitted than for F1 information transmitted. For both experiments 1 and 2 with the 8.3 mm shift, reception of F2 cues was not markedly better than that for F1 cues. In general, for shifts up to 6 mm, listeners seemed to more strongly adapt to mismatched F2 information. However, there is some evidence that listeners may have adapted to shifted F1 cues. For acutely measured performance with the 3.6 mm shift, confusion matrix analyses showed that "hid," "head," "hud," and "who'd" were most often confused with "head," "had," "hod," and "hoed" (all of which have relatively higher F1 values), respectively. After 5 days of repeated testing, most of these vowels could be correctly identified.
The relative importance of F1 and F2 cues for vowel recognition may also play a role in understanding the nature of adaptation in the present study. Improved reception of F2 cues may have contributed more strongly to better overall performance simply because F2 cues are more important to vowel recognition in quiet. However, listening conditions may also influence the relative importance of formant information and, in turn, the nature of perceptual adaptation. Parikh and Loizou (2005) showed that in noisy listening conditions, listeners relied on accurate F1 frequency information along with partial F2 envelope information for vowel identification. The neural system may make use of different acoustic cues for speech identification under different listening conditions. In the present study, the improvements in overall performance and reception of F2 cues for vowel recognition were measured in quiet. It is unclear whether these improvements would hold for other speech tests and other listening conditions. Faulkner et al. (2005) showed that the results of phonetic training did not necessarily generalize to recognition of connected speech. In the present study, word and sentence recognition was not tested, so it is difficult to know whether listeners would have received these "real-world" benefits.
Consistent with previous studies (e.g., Fu & Galvin 2007; Svirsky et al. 2003) , the results of the present study provide evidence that gradual or mixed exposure, rather than abrupt exposure to a severe shift, may be more beneficial to adapta- tion. In the present study, a test-only protocol was used, and the degree of spectral shift was larger than that used in previous studies. In terms of the nature of perceptual learning with the mixed protocol, it is unclear whether listeners developed new stimulation patterns for severely shifted speech in relation to moderately shifted speech (which were presumably within the acceptable range of mismatch, relative to the normal patterns). With explicit training, listeners may use feedback to create new central patterns. With passive learning, listeners are presumed to adapt in relation to the previously learned central patterns. Interestingly, the mixed exposure protocol allowed listeners to access spectral envelope details that were inaccessible with the exclusive exposure protocol. It is unclear why these details were less accessible in the exclusive exposure condition. Although the source of improvement is unclear, the mixed exposure protocol could be implemented sequentially in CI patients with shallow electrode insertion depth, gradually mapping more low frequency information onto the electrode array. Different maps with different degrees of spectral mismatch could be loaded onto CI patients' speech processors. Similar to the present study, CI users could alternate between these maps and listen to the different spectral shifts and different amounts of speech information contained in each map. Successful accommodation may ultimately depend on CI users' willingness to listen to the more distorted speech pattern, given the opportunity to listen to the less distorted pattern. Again, explicit training may help to accelerate and improve adaptation to severely shifted speech as compared with a passive gradual or mixed adaptation protocol.
CONCLUSIONS
NH listeners' short-term adaptation to different degrees of spectral shift was measured over a 5 day study period. No feedback or explicit training was provided. The results show that:
1. Given a short period of unsupervised adaptation, NH listeners' vowel recognition was largely unaffected by upward spectral shifts of up to 6 mm. Vowel recognition declined sharply for an 8.3 mm basalward shift. 2. There was a nonlinear interaction between the degree of spectral shift and passive adaptation. Compared with spectral envelope distortion, spectral shifting had a stronger effect on speech performance. 3. Alternating exposure to a severe and moderate spectral shift provided better passive adaptation to a severe shift and greater sensitivity to spectral envelope details.
These data suggest that there may be an optimum range (0 -6 mm) of spectral mismatch, within which some passive adaptation is possible; this range may be larger if listeners are alternately exposed to moderate spectral shifts, even at the expense of some speech information.
